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Osteoblastic intracellular pH and calcium in metabolic and respiratory
acidosis. In vitro metabolic acidosis (Met) induces greater bone mineral
resorption than respiratory acidosis (Resp). Mct, but not Resp, inhibits
osteoblasts which control many aspects of osteoclastic function. To
determine whether at a similar decrement in extracellular pH, Met and
Resp woold induce different changes in intracellular pH (pH1) and/or
intracellular calcium concentration ([Ca24j1) of osteoblasts, we measured
pH1 and [Ca2t11 in an osteoblast-like rat osteosarcoma cell line (UMR-
106). Cells were grown to confluence on glass slides and loaded with either
1.5 rM BCECF, for pH1, or 1.5 gsi Fura-2, for [Ca2]1, in control (Ctl; pH
7.40, Pc02 40, [HC03] 24) medium. The fluorescence ratio at
excitation wavelengths of 502 and 440 nm was measured for pH1 and at 340
and 380 nm for [Ca2j1. Following a baseline scan in Ctl medium, cells
were transferred to either Met (pH 7.10, co2 40, [HC03] 12),
Rcsp (pH 7.10, c2 [HC03] 24) or Ctl conditions. MediumpH, co2 and [HC03] were held constant over the course of the
experiment. Compared to Ctl, pH1 was lower in Met (P < 0.001) and even
lower in Resp (P < 0.001 vs. Met and vs. Ctl). These changes were
maintained over the period of observation. Compared to Ctl, [Ca2]1 was
higher in Met (P < 0.001) and even higher in Resp (P C 0.001 vs. Met and
vs. Ctl) within 20 to 100 seconds. However, after 100 seconds [Ca2]1 was
not different in the three groups. During chronic 24 and 48 hour
incubations there was no change in pH1 or [Ca2I1 with Met compared to
Ctl; however, there was a marked decline in pH1 with Resp compared to
Met and Ctl and in [Ca2]1 with Resp compared to Met. Thus at a similar
decrement in medium pH, Met and Resp induce a differential response of
ostcoblastic pH1 and [Ca2t11; how this relates to differences in bone
resorption remains to be determined.
Metabolic acidosis increases urinary calcium excretion [1, 21,
without an appreciable increase in intestinal calcium absorption
[2, 3], leading to net negative calcium balance [1, 3]. Since the vast
majority of body calcium is contained within the bone mineral,
metabolic acidosis would be expected to decrease bone calcium
content. Indeed, several studies have demonstrated decreased
bone mineral content in response to metabolic acidosis in both
experimental animals and humans [3—5]. With respiratory acidosis
there appears to be a far more modest [6], if any [7—9], increase in
urine calcium excretion. The bone calcium content in response to
respiratory acidosis has not been studied.
Cultures of neonatal mouse calvariae have provided insights
into the response of bone to metabolic and respiratory acid-base
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disorders [10—21]. During acute (3 hr) studies there is a marked
increase in net calcium efflux in response to metabolic acidosis
and a much smaller increase in calcium efflux in response to the
same magnitude of respiratory acidosis [10, 15, 17, 19, 20]. Over
this short period of time the alterations in calcium flux appear due
to physicochemical bone mineral dissolution [11, 20, 21]. In more
chronic (24 to 96 hr) studies there is, in addition, cell-mediated
bone resorption during metabolic [18] but not respiratory acidosis
[16]. The mechanism for the differential cellular response to
metabolic and respiratory acidosis is not clear.
The osteoclast induces bone mineral resorption by secreting
hydrogen ions into the microenvironment between the resorbing
cell and the mineral [22]. In general, through poorly understood
mechanisms, the osteoblast activates osteoclastic mineral resorp-
tion [22]. Metabolic, but not respiratory, acidosis has recently
been shown to stimulate osteoclastic and inhibit osteoblastic
function [18, 23]. Because osteoclasts and osteoblasts regulate
intracellular pH through complex mechanisms including Na/H4
and C1JHC03 exchange [24—27] one might expect a differing
intracellular pH response to metabolic and respiratory acidosis.
The low [HC03] in metabolic acidosis would be expected to
increase intracellular [H] through augmented CY7HCO3 ex-
change. The elevated P02 in respiratory acidosis would be
expected to increase intracellular [Hfl as CO2 is permeable
across cell membranes and the resulting increase in intracellular
CO2 would increase carbonic acid and thus [H]. However, the
magnitude of the resulting changes in intracellular pH for a given
change in extracellular pH during the two acid-base disorders has
never been determined in ostcoblast-like cells. We reasoned that
a disparate response of the bone to metabolic and respiratory
acidosis may be secondary to different levels of intracellular pH
produced by these two types of acidosis. Since intracellular pH
and calcium are closely linked [25] we examined intracellular
calcium as well.
To test the hypothesis that a similar degree of metabolic and
respiratory acidosis would induce a differential intracellular ion
response in osteoblasts we utilized the rat osteogenic sarcoma cell
line UMR-106. This cell line possesses characteristics of osteo-
blasts, including cyclic AMP response to PTH, high alkaline
phosphatase activity, type 1 (bone specific) collagen synthesis,
insulin sensitivity and the ability to form bone in vifro [28]. We
found that respiratory acidosis induced a greater change in
intracellular pH and intracellular calcium than a similar degree of
metabolic acidosis.
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Methods
Osteosarcoma cell culture
UMR-106 rat osteosarcoma cells (gift from Dr. J. Green,
UCLA) were used between passages 12 and 15. Cells were
cultured in Dulbecco's modified Eagle's medium (DMEM) con-
taining 10% fetal bovine serum, 2.8 mivi 1-glutamine, 20 mM
HEPES, pH 7.3, and 100 U/mi penicillin and were grown to
confluence at 37°C in 75 cm2 tissue culture flasks in a humidified
95% air/5% CO2 incubator. Cells were harvested by incubating
with 0.05% trypsin/0.02% EDTA for three minutes. A total of 27
x 10 cells were collected and divided equally into three 60 mm
Petri dishes, each containing a rectangular glass slide and 6 ml of
culture medium. After 24 hours, each slide was transferred to a
new 60 mm dish with the same amount of fresh culture medium.
Cells reached confluence on the slides within 48 hours of plating
and were then used for determination of intracellular pH (pHi) or
intracellular calcium ([Ca2}).
Acute studies
Intracellular pH. Cells grown on slides were loaded with the pH
sensitive fluorescent dye BCECF by incubating the slide in a 60
mm Petri dish containing loading medium (DMEM without
phenol red, with 10% fetal bovine serum, 10 p1/mi 10 M HCI (to
adjust [HCO3] and thus pH) and 1.5 pM BCECF-AM (Molec-
ular Probes, Eugene, OR, USA), the esterified (cell permeant)
form of the dye, for 30 minutes at 37°C, on a rotating platform in
a 5% CO2 incubator. Medium had been preincubated in 5% CO2
to achieve the control conditions of pH 7.40, Pc02 40,
[HCO3] 24 (Ctl) before the dye loading. After loading, excess
dye was removed by immersing the slide in similar preincubated
Ctl medium without BCECF for 20 seconds. The slide was then
immediately put in a quartz cuvette containing 2.8 ml of preincu-
bated Ctl medium. Slides were designed to fit tightly into the
cuvette and were positioned with the cells facing the excitation
beam of an Alphascan spectrofluorometer (Photon Technology
mt., South Brunswick, NJ, USA) at a 45° angle. Intracellular pH
was monitored at 22°C by measuring fluorescence at excitation
wavelengths of 502 nm (the pH sensitive point) and 440 nm (the
dye's isosbestic point) utilizing 2 nm excitation slit widths and an
emission wavelength of 530 nm. The ratio of fluorescence at the
excitation wavelengths, 502/440 nm, was used to calculate pH
[29]. Medium 1co2 and thus extracellular pH were maintained
throughout the fluorescence measurement by superfusion of the
medium with the desired CO2 concentration (Table 1).
A standard curve for the 502/440 ratio versus pH was obtained
by placing slides in a solution containing 130 mM KC1, 20 mM
NaC1, 1.3 mivi sodium phosphate and 20 mvi HEPES and adjusting
the medium pH from 6.6 to 7.4 by the addition of either 1 mM
acetic acid or 2% NH4OH. The K/H ionophore nigericin (Sigma
Chemical Co., St. Louis, MO, USA) was added to each dish at a
final concentration of 10 LM and incubated for five minutes at
room temperature to equilibrate the extracellular and intracellu-
lar pH. Slides were then scanned and the 502/440 ratio was plotted
against the known pH.
Intracellular calcium. Cells grown on slides were loaded with the
calcium sensitive dye, Fura-2-AM, by incubating each slide in a 60
mm Petri dish containing loading medium (see above) and 1.5 j.M
Fura-2-AM (Molecular Probes) for 30 minutes at 37°C on a
rotating platform in a 5% CO2 incubator. Loading medium was
preincubated under Ct! conditions as described for pH1 measure-
ments (Ct!). Excess dye was washed off the cells by immersing the
slide in preincubated Ct! medium without Fura-2-AM for 20
seconds. The slide was then transferred to a quartz cuvette
containing 2.8 ml preincubated Ctl medium.
Fluorescence was measured at 22°C at excitation wavelengths
of 340 and 380 nm and an emission wavelength of 505 nm, using
excitation slit widths of 3 nm. During the fluorescence measure-
ment, medium was superfused with the desired CO2 concentra-
tion. {Ca2] was calculated from the ratio of fluorescence at 340
and 380 nm after calibrating maximum and minimum Ca binding
by lysing the cells with 55 M digitonin and quenching with 10 mrvi
EGTA, pH 8.5, respectively [30].
Experimental design. Cells on slides loaded with either BCECF
or Fura-2 underwent a baseline scan in Ctl medium for 200
seconds. Each slide was then transferred to medium incubated
under control conditions (Ct!) or conditions simulating metabolic
acidosis (Met, [HC03] lowered to °°12 by addition of concen-
trated HC1 °3 p1/mi, preincubated in 5% CO2 to achieve pH
7.10, Pc02 40, [HCO3I 12) (Table 1) or respiratory acidosis
(Resp, medium preincubated in 11% CO2 to achieve pH 7.10,
co2 80, [HC03] 24) (Table 1). To determine medium pH,
and [HC03], 0.5 ml was taken from the preincubated
medium just prior to scanning. Fluorescence measurements were
then carried out while the cuvette was superfused with either 5%
or 11% CO2. At the end of scanning an additional 0.5 ml was
taken from the same medium for determination of final pH, Pc02,
and [HCO3]. These aliquots were kept on ice until measured. All
DMEM used for loading, washing and scanning was free of
phenol red to avoid interference with the fluorescence measure-
ments.
Chronic studies
For the 24 and 48 hour experiments, cells were harvested and
plated as described in the acute studies. After 24 hours, glass
slides containing cells were transferred to fresh preincubated CtI,
Met or Resp culture medium, excluding 1-glutamine. The cells on
the slides were incubated in either Ct!, Met or Resp conditions for
either 24 or 48 hours. For these chronic studies the Ct!, Met and
Resp conditions (Table 2) were similar to those utilized in the
acute studies (Table 1).
At the conclusion of the 24 or 48 hour incubation cells were
loaded at time zero with 4 LM Fura-2-AM and at plus 10 minutes
with 1.5 ILM BCECF-AM at 37°C on a rotating platform inside the
appropriate incubator. At plus 40 minutes (a total incubation of
40 mm for Fura-2-AM and 30 mm for BCECF-AM) the excess
dye was washed off the cells by immersing in identical preincu-
bated medium without the fluorescent dyes. The slide was then
immediately put in a quartz cuvette containing 2.8 ml preincu-
bated identical Ctl, Met or Resp medium. Intracellular pH and
then intracellular calcium was measured. Medium P02 was main-
tained throughout the fluorescence measurements by superfusion
of the medium with the desired CO2 concentration. Medium pH
and co2 were measured, and [HC03] calculated, in the prein-
cubated medium at the beginning of the 24 or 48 hour incubation,
after the incubation just prior to fluorescent dye loading, and after
the intracellular pH and calcium measurements (Table 2). A
standard curve for intracellular pH, similar to the one described in
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Table 1. Initial, final and average conditions for acute studies
Group Period N pH0
Pc02
mm Hg
[HC03J
mEqiliter
pH experiments
Ctl initial
final
mean
fi
6
6
7.431 0.008
7.365 0.016
7.398 0.011
38.8 0.5
45.2 1.fi
42.0 1.0
25.fi 0.3
25.3 0.4
25.4 0.3
Met initial
final
mean
5
5
5
7.111 0.0040
7.082 0.0290
7.097 0.0170
38.8 0.2
41.3 2.8
40.1 0.5
11.8 o.1
11.6 0.1
11.7 0.1
Resp initial
final
mean
5
5
5
7.111 0.0040
7.081 00230
7.09fi 0.0120
77•9 06ab
83.2 4.P"
80.6 21th
23.7 Or"
23.4 02at'
23.6 02th
Ca, experiments
Ctl initial
final
mean
7
7
7
7.454 0.014
7.387 0.011
7.420 0.012
37.0 1.1
42.8 1.3
39.9 1.0
25.7 0.3
25.3 0.4
25.5 0.4
Met initial
final
mean
7
7
7
7.112 0.0140
7.109 0.0180
7.111 0.0170
39.3 1.0
38.8 1.4
39.0 1.0
12.0 o.1
11.7 0.T'
11.9 o.1
Resp initial
final
mean
6
6
6
7.110 0.0020
7.120 0.020a
7.115 0.0100
79.8 0.4"'
74.0 2.5""
76.8 1.2""
24.2 0.1"'
22.9 0.5"
23.5 0.2""
Values are mean SE. Abbreviations are: N, number of experiments; Ctl, control medium; Met, metabolic acidosis, medium acidified by a decrease
in the concentration of bicarbonate; Resp, respiratory acidosis, medium incubated in the presence of an elevated partial pressure of carbon dioxide; pH0,
extracellular (medium) pH; Pc02, partial pressure of carbon dioxide; [HC03], bicarbonate concentration; initial period, preincubated medium prior to
intracellular pH or calcium measurements; final period, medium after intracellular pH or calcium measurements; mean, arithmetic mean of initial and
final periods.
"Different from Ctl, same period, P < 0.05
"Different from Met, same period, P C 0.05
the acute experiments was prepared after the 24 and 48 hour
incubations in Ctl medium.
Ext racellular pH
Medium pH and c,,2 were measured with a blood gas analyzer
(Radiometer ABL3O, Copenhagen, Denmark). [HC03] was
calculated from pH and P°2 using the Henderson-Hasselbalch
equation as we have described previously [10—21].
Statistical analysis
Differences between groups were assessed by analysis of vari-
ance. All calculations were performed utilizing conventional
computer programs (BMDP, UCLA, Los Angeles, CA, USA).
Data are mean 5E.
Results
Acute studies
Intracellular pH. A model of metabolic acidosis (Met) induced
by a low medium bicarbonate concentration [HCO3 j, and a
model of respiratory acidosis (Resp), induced by increased partial
pressure of carbon dioxide (Pc,,2) each resulted in a significant
decrease in medium pH compared to control (Ctl; Table 1). There
was no difference in medium pH between Met and Resp. In all
three groups the medium pH, Pc02 and [HC03] remained
relatively constant during the course of the experiment (Table 1).
The BCECF-loaded cells were preincubated in Ctl medium for
200 seconds prior to the beginning of the experiment and intra-
cellular pH (pH,) is shown for —30 and 0 seconds (Fig. 1). Cells
were then exposed to either Ctl, Met or Resp conditions. Com-
pared to Ctl, during the first 100 seconds following the exposure
to Met or Resp there was a significant decrease in pH, with Met
(P < 0.001 vs. Ctl) which fell even further in Resp (P < 0.001 vs.
Ctl and vs. Met; Fig. 1). The differences persisted throughout the
500 seconds of observation.
Intracellular calcium. A comparable experiment was carried out
to determine the effects of alterations in extraeellular pH on
intracellular calcium concentration ([Ca2],). The lower medium
[HC03] with Met and the increased c,,2 with Resp each
resulted in a significant decrease in the medium pH compared to
Ctl (Table 1) and there was no difference in medium pH between
Met and Resp. In all three groups the medium pH, c,,2 and
[HCO3 ] remained relatively constant during the course of the
experiment (Table 1).
The Fura-2-loaded cells were preincubated in Ctl medium for
200 seconds and [Ca2'j, is shown for —30 and 0 seconds (Fig. 2).
Cells were then exposed to either Ctl, Met or Resp conditions.
During the first 100 seconds following the exposure to either Met
or Resp there was a significant increase in [Ca2], with Met
compared to Ctl (P < 0.001 vs. Ctl) which increased even further
with Resp (P C 0.001 vs. Ctl and vs. Met). The differences
persisted throughout the 100 seconds of observation; however,
after 100 seconds [Ca2], was not different in Ctl, Met and Resp.
Intracellular pIn-I and intracellular calcium. The decrease in
medium pH with Met resulted in a decline in mean pH, (P < 0.00 1
vs. Ctl) and increase in [Ca2], (P C 0.001 vs. Ctl), when the
measurements taken every 10 seconds from 20 to 100 seconds
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Table 2. Initial, final and average conditions for chronic studies
Group Period N pH
P02
mm Hg
[HC031
mEqiliter
24 Hour experiments
Ctl initial
final
post
mean
7
7
7
7
7.399 0.011
7.331 0.013
7.342 0.011
7.358 0.011
40.2 0.9
41.0 1.1
43.5 1.4
41.6 1.1
24.5 0.1
21.2 0.4
23.1 0.4
22.9 0.2
Met initial
final
post
mean
7
7
7
7
7.098 0.005a
7.004 0.014a
7.050 0.015a
7.051 0.OlOa
39.8 0.5
40.7 0.6
43.5 1.4
41.3 0.7
11.7 0.la
9.5 0.3'
11.4 0.4
10.9 0.2k'
Resp initial
final
post
mean
7
7
7
7
7.076 0.003a
7.028 0.006
7.069 0.005'
7.057 0.003a
83.0 07t
81.6
78.7 l.8'
81.1 0.8I
23.2 0.1"'
20.3 0.4"
21.6 04ab
21.7 01ab
48 Hour experiments
Ctl initial
final
post
mean
6
6
6
6
7.421 0.010
7.330 0.009
7.338 0.011
7.365 0.010
38.0 0.4
38.4 0.3
44.9 1.2
40.4 0.7
24.4 0.4
19.9 0.6
23.6 0.2
22.7 0.4
Met initial
final
post
mean
5
5
5
5
7.163 0.0o9
6.997 0.003a
7.095 0.017'
7.081 0.OlOa
38.3 0.7
39.9 0.3
42.2 0.8
40.4 0.4
13.2 0.3
9.2 0.P'
12.3 0.Y'
11.5 0.2
Resp initial
final
post
mean
6
6
6
6
7.102 0.005a
7.037 0004ab
7.081 0.008a
7.072 0.004a
76.8 0.7k"'
76.2 Q5I
80.7 l.4'
77.9 0.5"
22.8 Ø.3ab
19.4 02h
22.8 0.4"
21.6 0.3"
Values are mean SE. Abbreviations are: N, number of experiments; Ctl, control medium; Met, metabolic acidosis, medium acidified by a decrease
in the concentration of bicarbonate; Resp, respiratory acidosis, medium incubated in the presence of an elevated partial pressure of carbon dioxide; pH,
extracellular (medium) PH; Pc02, partial pressure of carbon dioxide; [HC03], bicarbonate concentration; initial period, preincubated medium prior to
the 24 or 48 hour incubation; final period, at the conclusion of the 24 or 48 hour incubation; post-period, following the pH, and Ca measurements; mean,
arithmetic mean of initial, final and post-periods.
a Different from Ctl, same period, P < 0.05
hDifferent from Met, same period, P < 0.05
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Fig. 1. IntracellularpH during the first 500 seconds following the exposure of
BCECF-loaded UMR-106 cells to either control medium (Ctl, 0, N = 6),
metabolic acidosis (Met, A, medium acidified to pH 7.10 by lowering
[HCO37, N = 5), or respiratory acidosis (Resp, Li, medium acidified topH
7.10 by incubating in the presence of an elevated P02, N 5). Values are
mean SE. Baseline intracellular pH was measured in Ctl medium for 200
seconds prior to the beginning of the experiment and intracellular pH is
shown at —30 to 0 seconds.
were averaged (Fig. 3). A similar decrease in medium pH with
Resp resulted in a further decline in mean pH, (P < 0.001 vs. Ctl
and vs. Met) and a further increase in [Ca2, (P < 0.001 vs. Ct!
and vs. Met), after averaging the measurements taken every 10
seconds from 20 to 100 seconds.
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Fig. 2. Intracellular calcium during the first 500 seconds following the
exposure of Fura-2-loaded UMR-106 cells to either control medium (Ctl, 0,
N = 6), metabolic acidosis (Met, A, medium acidified to pH 7.10 by
lowering [HC03], N = 6), or respiratory acidosis (Resp, LI, medium
acidified to pH 7.10 by incubating in the presence of an elevated P0,, N
= 5). Values are mean SE. Baseline intracellular calcium was measured
in Ct! medium for 200 seconds prior to the beginning of the experiment
and intracellular calcium is shown at —30 to 0 seconds.
Chronic studies
Twenly-four hour experiment. Compared to CtI, the lower me-
dium [HCO3J with Met and the increased Pck,2 with Resp each
resulted in a significant decrease in the medium pH (Table 2) and
7.30
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1111IIIIII 11.1.
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7.00 7.05 7.10 7.15 7.20 7.25
Intracellular pH
Fig. 3. Mean intracellular calcium as a function of mean intracellular pH
each measured evety 10 seconds from 20 to 100 seconds following the
exposure of BCECF-loaded (for intracellular pH measurement) or Fura-2-
loaded (for intracellular calcium measurement) UMR-106 cells to either
control medium (Cd, 0), metabolic acidosis (Met, A, medium acidified to
pH 7.10 by lowering [HC037), or respiratoty acidosis (Resp, 0, medium
acidified top 7.10 by incubating in high P,2). Values are means SE.
125
120
a 1150
110
Ca
105
ci)0
100
C
— 95
7.05 7.10 7.15 7.20
Intracellular pH
Fig. 4. Mean intracellular calcium as a function of mean intracellular pH
following 24 hours of incubation UMR-106 cells to either control medium
(Ct4 0), metabolic acidosis (Met, A, medium acidified to pH 7.10 by
lowering IHCO37), or respiratoly acidosis (Resp, 0, medium acidified to pH
7.10 by incubating in high P02). Intracellular pH was measured with
BCECF and intracellular calcium with Fura-2. Values are means SE.
there was no difference in medium pH between Met and Resp. In
all three groups the medium pH, P02 and [HC03] remained
relatively constant during the course of the experiment.
At the conclusion of the 24 hour incubation the decrease in the
medium pH with Met did not result in a change in pH1 or [Ca2]1
(Fig. 4). However, a similar decrease in medium pH with Resp
resulted in a decline in both pH1 (P < 0.001 vs. both Met and Ctl)
and [Ca2]1 (P < 0.05 vs. Met).
Forly-eight hour experiment. Compared to Ctl, the lower medium
[HC03] with Met and the increased P02 with Resp each
resulted in a significant decrease in the medium pH (Table 2) and
there was no difference in mean medium pH between Met and
Resp. In all three groups the medium pH, Pc02 and [HC03]
remained relatively constant during the course of the experiment.
At the conclusion of the 48 hour incubation the decrease in the
medium pH with Met did not result in a change in pH or [Ca2]1
7.15 7.20 7.25
Intraceflular pH
Fig. 5. Mean intracellular calcium as a function of mean intracellular pH
following 48 hours of incubation UMR-106 cells to either control medium
(Ctl, 0), metabolic acidosis (Met, A, medium acidified to pH 7.10 by
lowering [HC037), or respiratoly acidosis (Resp, 0, medium acidified to
pH 7.10 by incubating in high Intracellular pH was measured with
BCECF and intracellular calcium with Fura-2. Values are means SE.
(Fig. 5). However, a similar decrease in medium pH with Resp
resulted in a decline in both pH, (P < 0.025 vs. both Met and Ctl)
and [Ca2]1 (P < 0.04 vs. Met).
Discussion
In this study we determined the effects of low [HCO3]
medium, a model of metabolic acidosis, and a high Pc0, medium,
a model of respiratory acidosis, on intracellular pH (pH1) and
intracellular calcium ([Ca2]1) in osteoblast-like UMR-106 cells.
In the acute studies, pH1 decreased significantly during Met and
fell further during Resp while [Ca2]1 rose significantly during
Met and increased even more during Resp. However, in the
chronic studies there was no change in pH1 and [Ca2]1 with Met
and a decline in both during Resp. Thus, during both acute and
chronic studies, at the same magnitude of extracellular acidosis
there was a more profound change in pH1 and [Ca2]1 when the
medium was acidified by an increase in c2 compared to a
decrease in [HCO3 ].
The differential response of pH1 between models of Met and
Resp in the acute experiments may be explained by differences in
the permeability of the cell membrane to CO2 compared to
[HC03] [31, 32]. The elevated medium CO2 in Resp facilitates
diffusion of CO2 into the cell. Once inside, CO2 is hydrated to
form H2C03 which dissociates into H and HC03 acidifying the
cytosol. The low medium [HC03] in Met will promote the
exchange of intracellular [HC03] with extracellular Cl via the
CL1HCO3 exchanger which is known to be present in these cells
[25]. The loss of intracellular [HC03] will promote H forma-
tion in the cytosol and thus intracellular acidification. There
appears to be greater permeability of CO2 into the cell than
facilitation of HC03 efflux which results in more intracellular
acidification in Resp than in Met.
The differential response between Met and Resp for pH1 is
sustained in the more chronic (24, 48 hr) acidosis; pH1 remains
lower in Resp than Met. This observation argues that not only is
the cell more permeable to CO2 entry than to HC03 efflux but
that there is inadequate correction of intracellular acidosis by the
Na/H exchanger known to be present in these cells [25, 26, 32].
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This hypothesis is supported by the lower final extracellular pH in
Met than in Resp (Table 2, 7.004 0.0 14 in Met vs. 7.028 0.006
in Resp in the 24 hr study and 6.997 0.003 in Met vs. 7.037
0.004 in Resp in the 48 hr study), suggesting that the osteoblasts
acidified the medium while correcting the intracellular acidosis to
a greater degree in Met than in Resp.
The reason for the acute increase in [Ca2]1 with Met and Resp
is not clear from this study. Calcium is bound to proteins within
the cytosol [33] and an increase in intracellular acidosis might
displace the calcium from binding proteins as is observed in the
competitive binding of calcium and protons to albumin in the
extracellular fluid [33, 34]. Alternatively the intracellular acidifi-
cation could increase the influx of extracellular calcium or the
release of calcium from intracellular organelles. In either case
compared to Ctl, the lower pH induced by Met would be expected
to increase [Ca2]1 as was observed in this study (Fig. 3). Resp,
which decreased pH more than Met would be expected to
increase [Ca2]1 even further, which was again observed in this
study (Fig. 3). Further studies will be necessary to determine the
source of the increased [Ca2]1 in these models of acidosis.
Following a transient increase in the acute study, [Ca2]1
returns to base line levels (Fig. 2). In the chronic studies (24 and
48 hr), [Ca2] declines further in Resp but not in Met (Figs. 4 and
5). Possible explanations for the decreased [Ca2]1 are sequestra-
tion in intracellular organelles [33, 35] or transport of calcium out
of the cell via Na7Ca2 exchange or a calcium ATPase [36].
Leakage of Fura-2 from the cells is an unlikely explanation for the
decrease in [Ca2]1 as the experiments were conducted at 22°C
and [Ca2]1 was measured rapidly after loading. In addition dye
leakage would increase signal strength and apparent [Ca2] as
the medium contains millimolar concentrations of calcium while
the cytosol contains nanomolar concentrations.
The interdependence of pH and [Ca2]1 is supported by the
studies of Green and colleagues [25]. They have shown that an
increase in [Ca2]1 in UMR-106 cells stimulates the osteoblastic
C17HC03 exchanger which leads to a fall in pH1 [251. In their
study they did not determine how alterations in extracellular pH
might affect pH and [Ca2]1, as we did, but did demonstrate the
interrelationship of these two intracellular ions. In our study the
persistence of the changes in pH1 with Met and Resp over 500
seconds of observation while [Ca2]1 returned to control values in
both acid groups suggests that changes in pH are primary and not
due to changes in [Ca2]1.
Lin and colleagues measured the pH1 and [Ca2]1 response to
changes in extracellular pH in an osteoblastic cell line MC3T3-E1
and found, as we did, that an acute decrease in extracellular pH
lowered pH1 [371. However, they found that this fall in pH1 was
associated with a fall in [Ca2]1 while we observed an increase.
Our results are difficult to compare with those of Lin et al in that
they measured only initial extracellular pH and not extracellular
[HC03] or P02 as we did, they did not report extracellular pH
after the conclusion of the intracellular ion measurements as we
did, they reported only percent change in [Ca2] and not absolute
values as we did, they examined only metabolic and not respira-
tory acidosis and they used aequorin to measure intracellular
calcium while we used Fura-2 [37]. Further studies in which
similar methods are utilized to compare the two osteoblastic cell
lines will be necessary to sort out the differences between our two
studies.
In osteoclasts, Teti and colleagues have shown that intracellular
acidosis is associated with an acute decrease in [Ca2]1 [38].
However, our studies are difficult to compare with those of Teti et
al. We utilized osteoblasts while they studied osteoclasts, we
utilized a [HC03] buffered medium and produced acidosis by
lowering the [HC03] or increasing the P02 while they utilized a
HEPES buffer and acidified the medium with butyric acid. We
have previously shown that osteoclasts and osteoblasts have a
differing response to acidosis [18]. When neonatal mouse cal-
variae are cultured for 48 hours in acidic medium produced by a
low [HC03], but not by an increase in P02, there is stimulation
of osteoclastic f3-glucuronidase; however, osteoblastic collagen
synthesis is inhibited [18, 23]. There is also a greater decrease in
osteoblastic bone nodule formation during metabolic, compared
to respiratory, acidosis [39].
There are similarities in the effects of acidosis and parathyroid
hormone (PTH) on [Ca2]1 and pH1 in the osteoblast-like cells
utilized in this study. PTH caused an increase in [Ca]1 [40, 41] and
a decrease pH1 [401 in UMR-106 cells. Green and Kleeman
showed that cyclic AMP, a second messenger of PTH, participates
in the regulation of pH1 in the osteoblast by inhibiting the activity
of the Na47H and Cl/HCO3 exchangers, thus attenuating the
recovery from intracellular acidosis [42]. Whether extracellular
acidosis increases cellular cyclic AMP and thus helps prevent the
restoration of pH1 toward normal during acidosis remains to be
determined.
It is unclear how or if these differential changes in intracellular
pH and calcium levels relate to the observed differences in bone
cell function and resorption induced by models of metabolic and
respiratory acidosis. We have previously shown that there is
cell-mediated calcium release in cultured neonatal mouse cal-
variae during a model of chronic metabolic, but not respiratory,
acidosis [16]. However in this study utilizing UMR-106 cells there
is a greater change in pH1 and [Ca2]1 during a model of
respiratory, compared to isohydric metabolic acidosis. Further
studies will be required to elucidate how these changes in
intracellular ions relate to differences in effects on bone resorp-
tion.
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